Oxytricha nova is a hypotrichous ciliate with micronuclei and macronuclei. Micronuclei, which contain large, chromosomal-sized DNA, are genetically inert but undergo meiosis and exchange during cell mating. Macronuclei, which contain only small, gene-sized DNA molecules, provide all of the nuclear RNA needed to run the cell. After cell mating the macronucleus is derived from a micronucleus, a derivation that includes excision of the genes from chromosomes and elimination of the remaining DNA. The eliminated DNA includes aUl of the repetitious sequences and -95% of the unique sequences. We cloned large restriction fragments from the micronucleus that confer replication ability on a replication-deficient plasmid in Saccharomyces cerevisiae. Sequences that confer replication ability are called autonomously replicating sequences. The frequency and effectiveness of autonomously replicating sequences in micronuclear DNA are similar to those reported for DNAs of other organisms introduced into yeast cells. Of the 12 micronuclear fragments with autonomously replicating sequence activity, 9 also showed homology to macronuclear DNA, indicating that they contain a macronuclear gene sequence. We conclude from this that autonomously replicating sequence activity is nonrandomly distributed throughout micronuclear DNA and is preferentially associated with those regions of micronuclear DNA that contain genes.
effectiveness of autonomously replicating sequences in micronuclear DNA are similar to those reported for DNAs of other organisms introduced into yeast cells. Of the 12 micronuclear fragments with autonomously replicating sequence activity, 9 also showed homology to macronuclear DNA, indicating that they contain a macronuclear gene sequence. We conclude from this that autonomously replicating sequence activity is nonrandomly distributed throughout micronuclear DNA and is preferentially associated with those regions of micronuclear DNA that contain genes.
In procaryotes, specific sequences are required for the replication of plasmid DNA molecules and for the replication of the chromosome (26) . In replication of eucaryotic chromosomes no such specific sequences have been as yet identified, but they have been postulated because the initiation of replication is a controlled process both spatially and temporally (5) . However, the hypothesis that specific DNA sequences serve as initiation sites is contradicted by the observation that DNA lacking a eucaryotic replication origin is replicated in a controlled manner when injected into Xenopuis eggs (11) .
Perhaps the best evidence for specific sequence involvement in the initiation of DNA replication comes from the cloning of sequences from the yeast genome that will promote the autonomous replication of a plasmid in Saccharomyces cerevisiae (7, 22) . Only a small subset of sequences from S. cerevisiae are capable of supporting autonomous replication of a plasmid, but these sequences are not identical. Whether these autonomously replicating sequences (ARS) serve as origins for replication of the yeast chromosome in vivo is not known. They are found at frequencies that would be compatible with origin function, but it can also be argued that such cloned chromosomal sequences function only indirectly to allow DNA replication.
Yeast plasmids have been exploited to isolate sequences from a wide variety of eucaryotes that confer autonomous replication on a plasmid (1, 22) . No sequences functioning as origins in S. cerevisiae have been found in procaryotes, with the exception of a sequence(s) of Staphvlococ-cus au-reuts (10) .
We describe here the isolation and characterization of ARS in DNA of the hypotrichous ciliate Oxvtricha nova that function in S. cerevisiae and the relationship of such se-quences in the chromosomes of the micronucleus to putative gene sequences.
Hypotrichs, like other ciliates, have two functionally and morphologically distinct nuclei (17) . The micronucleus contains high-molecular-weight DNA organized into chromosomes but has no detectable RNA synthesis. In contrast, the macronucleus is large, contains only low-molecular-weight DNA (average size, -2,200 base pairs [bp]), and is the site of all detectable transcription during the vegetative growth of this organism. Although the DNA content of the macronucleus is about 60 times greater than that of the micronucleus, the sequence complexity of the macronucleus is only ca. 1/20 that of the micronucleus. These differences arise when a new macronucleus is formed from a micronucleus after sexual conjugation. The process involves a meiotic division of micronuclei to produce gametic nuclei which are exchanged between cells in a conjugating pair. These gametic (haploid) micronuclei fuse to form diploid zygotic nuclei and subsequently undergo mitosis without cell division. A new macronucleus is produced from one of these mitotic products. Concomitantly, the old macronucleus degenerates. The process of macronuclear development involves the formation of polytene chromosomes, fragmentation of these chromosomes, and a drastic reduction in the amount of DNA, with elimination of ca. 95% of the total nucleotides. The formation of polytene chromosomes also results in the under-replication of some DNA sequences (21) . This destruction of DNA accomplishes the elimination of all of the repetitive DNA and -90% of the unique sequence DNA. The remaining DNA, representing 3 to 11% of the genomic sequence complexity, is of low molecular weight (average size, -2,200 bp) and contains all of the genetic information required for vegetative growth and division. The final stage involves five to six rounds of replication of the low-molecular-weight DNA to produce the mature, DNA-rich macronucleus.
As a first step in the investigation of DNA replication in 0. nova, we isolated sequences from micronuclear and macro- (25) inserted into the EcoRI site with subsequent deletion of the tetracycline proximal EcoRI site.
Preparation of DNA. Macronuclear and micronuclear DNAs were prepared according to published procedures (3, 24) . Yeast DNAs were prepared according to the procedure of Cameron et al. (6) . Plasmid DNAs were prepared according to the method of Clewel (8) . and E. coli was prepared by essentially the same method used to prepare macronuclear DNA. Minipreparations of plasmid DNA from E. (oli were obtained by using the procedure of Holmes and Quigley (13 Restriction digestions of these purified plasmids showed that all contained EcoRI inserts, and some contained multiple EcoRI inserts. In the case of multiple inserts, the inserts were recloned as individual EcoRI fragments (Table 2) .
To compare the efficiency with which Ura3 S. cerevisiae can be transformed with the purified recombinant plasmids. identical amounts of plasmids were used to transform S. Tables 2 and 3) .
The plasmids were digested with EcoRI, transferred to nitrocellulose, and hybridized separately with nick-translated probes prepared from all seven plasmids. No crosshybridization was seen among the inserts of these seven plasmids, and they are therefore all different. Such crosshybridization experiments would not, however, exclude the possibility that a small region within the inserted DNA could be common between any two or among all of the clones, but such a putative sequence would have to be small. Some of the plasmid inserts are small enough to have originated from contaminating macronuclear DNA. This possibility was ruled out by the failure of these three plasmids (nick translated) to hybridize with EcoRI-digested macronuclear DNA fragments of the proper size (data not shown).
Analysis of micronuclear clones. Since macronuclear gene sequences are derived from the micronuclear genome during the development of a new macronucleus, it was of interest to see whether there was a spatial relationship between the ARS and gene sequences in micronuclear DNA. Gene sequences are defined as those that occur in macronuclear DNA. Macronuclear DNA was distributed in an agarose gel and transferred to nitrocellulose. In separate hybridization reactions each micronuclear ARS clone was tested for hybridization to macronuclear DNA. Figure 1 shows that five of the seven clones hybridized with macronuclear DNA. One clone, PRMI 1385, showed a global hybridization to macronuclear DNA but not to specific bands. Such global hybridization is characteristic of the presence of repeats of the common terminal C4A4 sequence present on the ends of macronuclear DNA molecules. Internal C4T4 sequences not linked to macronuclear-retained DNA sequences are known to exist in micronuclear DNA (Swanton et al., unpublished data), and therefore PRMI 1385 is considered microspecific.
The presence of the c4T repeat sequence in this clone has been confirmed with a specific GJ4 probe.
We do not know at this time the position of ARS relative to the macronuclear homologous sequences.
Screening of random micronuclear clones. The previous clones of micronuclear DNA were selected because they contained ARS activity. To obtain more information about the relationship of ARS and macronuclear gene sequences in the micronuclear DNA, we tested random clones of micronuclear DNA for ARS function and then for homology to macronuclear DNA.
EcoRI digests of micronuclear DNA were again cloned into the plasmid YIp5 and used to transform E. coli. Colonies containing large micronuclear inserts were grown and superinduced, and supercoiled recombinant plasmid DNA was isolated. Twelve of these plasmids, named the PUMI series, were tested for ARS activity in S. cerevisiae as previously described and then were tested for their ability to hybridize with macronuclear DNA. The results are shown in Fig. 2 and Table 3 . PUMI 8 has a small insert that might have been derived from contaminating macronuclear DNA. That insert was shown, by means of the experimental procedure described above for the PRMI clones, not to be derived from macronuclear DNA.
Out of 13 EcoRI inserts (PUMI 57 contains 2 inserts) with an average size of 7,600 bp, 5 showed distinct homology to one or more bands in macronuclear DNA.
Five micronuclear DNA inserts in the PUMI series had ARS activity, and of these five, four showed homology to macronuclear DNA. Thus, of the seven micronuclear DNA sequences (PRMI) selected for ARS activity and the five nonselected micronuclear sequences (PUMI), nine showed hybridization to macronuclear DNA. Hybridization of a single micronuclear DNA fragment to more than one size of macronuclear DNA is to be expected because the micronuclear DNA insert is, on the average, large enough to contain more than one macronuclear gene and also because macronuclear DNA occurs in gene families with members that share some sequence homology (2).
DISCUSSION
We have described the cloning of sequences from the micro-and macronucleus of the hypotrichous ciliate 0. nova that allow for the autonomous replication of a plasmid in S. cerevisiae. This expands the list of organisms from which such sequences have been obtained and supports the conclusion that the mechanism of initiation of replication in eucaryotes may be conserved, at least in a functional sense. Here and in the subsequent discussion we assume that ARS activity signifies the presence of an in vivo origin of replication, but we have no separate proof for this.
In Oxytricha nova, autonomously replicating sequences are found in both micro-and macronuclei. The organization of replication in these two nuclei is different. Micronuclear DNA replicates as high-molecular-weight molecules, presumably with multiple sites of replication initiation, whereas macronuclear DNA molecules replicate by a little-understood process involving replication bands that sweep through the nucleus (17) . The most likely interpretation of the available data on macronuclear DNA replication is that macronuclear DNA molecules are individual replicons, each containing one or two origins of Teplication (16) . Since a-M macronuclear gene sequences are also contained in the micronuclear DNA, it is possible that the ARS activity in micronuclear DNA that is associated with gene sequences is actually within the gene sequences and is identical to the ARS activity in macronuclear DNA molecules. Mapping of ARS activity in micronuclear clones should show whether ARS activity occurs adjacent to or within genes.
Of 12 micronuclear clones containing 13 EcoRI inserts, selected at random and with an average insert size of 7,600 bp, 5 contained ARS. This result is in agreement with the density of ARS found for other organisms (7, 19 
